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The massive industrial production - during the last century - of new synthetic
chemicals which do not normally occur in nature and the release of such compounds into
the biosphere, have created a considerable nvironmental pollution problem. Many of these
compounds are accumulated in the biosphere, since nature has not yet found an effective
way to degrade them to harmless products. This process of accumulation of unnatural
compounds in the biosphere might have far reaching and serious consequences for man and
the environment. One of these xenobiotic molecules which are produced in large amounts,
is 1,2-dichloroethane, a halogenated compound (CI-CH2-CH2-CI). This compound is
produced as a starting material for vinylchloride synthesis and PVC's (polyvinylchloricle)
and, to some minor extent, i t  is used as an extraction solvent. Because of the chemical
stability of the carbon-halogen bond, 1,2-dichloroethane is poorly degraded in nature.
During the last century, as a specif ic response to the introduction of synthetic
halogenated compounds into the environrnent, organisms have evolved which are able to
convert these compounds. They have developed new biocatalysts (enzymes or regenerable
cofactors) that are capable to labi l ize or cleave carbon-halogen bonds. One of these
organisms is the nitrogen-f ixing hydrogen bacteriumXanthobacter outotrophicas GJ10.
The bacteriutn is intensively being studied for its potential application as an "antipollutant"
in aerobic treatments of locally polluted environments, contaminated soils ancl waste
strealns. It was collected from industrially polluted sludge and has been selected by forcecl
growth on a nt in i t .na l  medium which was enr iched wi th  1,2-d ich loroerhane.  Only
organisms u'lrich are able to degrade this chlorinated substrate into con-rpounds which they
call use ftrrtlrer on in tlteir centlal lnetabolic routes, can survive on such a mediurn. For this
purpose, the Xunthttbucter had to develop new enzymes which could cleave the carbon-
halogen bond.
C)ne of these enzynles is haloalkane dehalogenase. Unti l  now, i t  has only been
detected in 1,2-dichloroethane degraders and it is responsible for convefiing this cornpound
into chloroethanol by removing a chlorine atom and replacing it by a hydroxyl group. The
three-dinrensional structure of this enzyme has been soived by means of X-ray
clystal logl 'aphy. This is a technique which al lows us to analyze and investigate the
stl 'ucture of a macro-molecule in atomic detai l .  Thedehalogenase is buil t  up of 310 amino
acids and on the basis of the three-dimensional structure, a reaction mechanism was
postulated. The work in this thesis describes the experimental proof of this reaction
mechanisrn and the detailed analysis of the relationship between 3D-structure and function
of haloalkane dehalogenase by X-ray diffraction.
The enzyme has a globular structure and is composed of two domains. The three-
dimensional structute, refinecl ut 1.9 À tt À = 0.1 nm), has been analyzed in cletai l  at pH
6.2 (the crystallization condition) and at pH 8.2 (the pH of optimal activity for the enzyme)
(Chapter 2). Inside the protein - between the two domains - a buriecl cavity was detectec'|,
153
I
which must be reachable from the solvent, even in the crystal, since the heavy atom
derivative gold cyanide (Au(CN)z-), used as a crystal lographic expedient for the
elucidation of crystal structures of proteins, was found to bind at this position (Chapter 3).
The internal cavity is predominantly lined with hydrophobic residues. The only charged
amino acids (at pH 6.2) in this cavity are an aspaftic acid (Asp12a) and a histidine (His2g9).
Together with another aspartic acid (Asp266), they form a catalytic triad, responsible for
the reaction mechanism. The substrate 1,2-dichloroethane enters the cavity of the enzyme
and is stabilized with its chlorine atom between the two tryptophan residues (Trp125 and
Trpt;s), that point with their side-chains towards the center of the cavity. These two
residues provide a very strong halide binding site (Chapter 4).The reaction mechanism is a
two-step mechanism in which first Asp124 performs a nucleophilic attack on the Cl atom
of the substrate, resulting in the cleavage of the carbon-chlorine bond and the production of
a free chloride ion. An intermediate alkyl-enzyme is formed in which the remainder of the
substrate is covalently linked to the AsptZ+ side-chain. Subsequently a water molecule,
activated by His2g9, which is mostly deprotonated at pH 8.2 (the pH of optimal activity for
the enzyme) (Chapter 2), hydrolyses the alkyl-enzyme, thereby releasing the alcohol
product and restoring the Asptzq side-chain. The hydrolyt ic water molecule is then
replenished by a new incoming water molecule. Crystal structures of the haloalkane
dehalogenase with its substrate bound in the cavity, the alkyl-enzyme interrnediate and the
enzyme with one of its products - the chloride ion - stabilized between the two tryptophan
residues in the active site cavity, provide positive proof for the conectness of the proposed
two-step catalytic mechanism (Chapter 5).
A covalently bound intermediate was already proposed to occur in all o/B hydrolase
fold enzymes, a family of hydrolytic proteins which ale structurally related. They ltave
diverged from a common ancestral protein in which only the sfuctural framework, an
eight-stranded B-sheet necessary to preserve the arrangement of the catalytic triad
residues, is conserued, in order to perform a similar hydrolysis reactiorl on a wide variety
of different substrates. This broad specificity is due to differences in substt'ate binding sites
among the enzymes. Haloalkane dehalogenase is a member of this family and its binding
site is mainly formed by the cap dornain. But since the dehalogenase has acquiled an extra
carbon-halogen-bond-cleaving function preceding the hydrolysis reaction, the enzyme has
also adopted some structural adjustments in the a/B hydrolase fold core (domain I)
(C hapter 6).
Apart from this evolution from an ancestral crlB hydrolase fold protein, it appeals that
the dehalogenase is able to evolve towards the degradation of a broad range of halogenated
compounds as well.  The enzyme contains a region which is very sensit ive to spontaneous
mutations, that occur as specific responses during periods of prolonged stress, like folced
growth on longer chain halogenated substrates. This is a region where mutations
(sometimes very small) can cause a change in the enzyme's substrate specificity towards
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longer chain halogenated compounds, which most likely are convefted in a similar manner
as in the wild type dehalogenase. A possible explanation how these mutations make the
enzyme capable to accept longer substrates is given in Chapter 7. Most likely, the
mutations have an effect on the size or shape of the cavity. The mutations could also affect
the relative position of the two domains in the enzyme and thereby change the binding site.
A three-dimensional sructure of such a mutant would certainly help in understanding more
of this intr iguing enzyme.
The knowledge of the catalytic mechanism of haloalkane dehalogenase can be used
as a solid basis in the construction of better and more efficient enzymes by use of site-
directed mutagenesis techniclues. I{owever, there are still some questions to be answered.
How does the substrate enter the cavity? Are there minor or large movements in the
enzyme needed for this ? Is it possible to speed up the reaotion mechanism? What changes
are necessary to make the dehalogenase more thermostable? How can we change and
inrprove, by rational design, the substrate specificity? Further detailed investigation of the
haloalkane dehalogenase is certainly needed. Such studies can contribute considerably to
the f inal practical application of bacteria designed to be used in the biological
detoxification of soils and waters which are polluted with halogenated compounds.
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